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 Automotive seats provide comfort and safety to the occupant travelling in the 
vehicle. An optimized seat design should be aesthetically pleasing, lightweight and meet 
the safety requirements. An automotive seat with occupant is subjected to various kinds 
of forces in the event of crash and should be designed for strength and stiffness as 
measured by stress and strain, and deflection. In this work, finite element analysis, 
together with topology and free-size optimization is used to design a lightweight die cast 
automotive front seat backrest frame when subjected to loads prescribed by ECE R17 
European government regulations and additional loads which are predicted in an event of 
crash. In particular, an effort is made here to study the characteristics of a die cast 
automotive front seat backrest frame and develop a method for predicting the optimized 
material and rib stiffener distribution which provides a lightweight seat which satisfies 
both strength and deflection requirements in a design space which includes the action of 
multiple load cases. 
The design and optimization procedure is to create a geometric computer-aided-
design (CAD) model of an existing commercially available die cast backrest frame as the 
reference design space. Both 3D surface and solid models are created for representation 
as shell and solid finite element models for analysis. The CAD models were created using 
CATIA and then imported into Altair HyperMesh and OptiStruct software for finite 
element model creation and linear analysis with optimization. The objective function for 
topology optimization of the 3D solid model is to minimize mass of the component 
subject to stress and deflection constraints and is used as a guide in determining optimal 
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geometric distribution of stiffening ribs. When the shell model of the reference seat is 
subjected to free-size optimization with this same constraint and objective given, an 
optimized material distribution measured by shell element thicknesses is obtained. For 
the topology optimization, manufacturing constraints of preferred draw direction are 
applied in order to obtain an optimized material distribution which can be manufactured 
in the die-cast process. Results from OptiStruct provide a guide for design, but are not 
optimal for manufacturing due to large changes and scattering of material distribution. 
Results from the topology optimized 3D solid model and free-size optimized 3D shell 
model are compared and combined manually to create a final lightweight design with 
optimal stiffening rib placement and material distribution which can be manufactured 
relative easily in a die-cast manufacturing process.  Finite element analysis of both the 
reference and final optimized seat designs with geometric nonlinear and inelastic material 
behavior is also performed using ABAQUS to confirm deflection requirements and 
determine factor of safety at failure due to excessive strains. The procedure followed in 
this work generated an optimal material distribution and stiffening ribs in a lightweight 
die cast automotive seat backrest frame when subjected to multiple load cases.  An 
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Every automobile and its components should meet certain safety requirements 
provided by government agencies such as European Union and North American 
regulations. The automotive front seat considered for this study is subjected to load 
requirements mandated by European Union regulations and documented in ECE R17 [1]. 
The automotive components should be made as light as possible in order to save the fuel 
consumed by the automobile and at the same time these components should be strong 
enough to withstand the crash loads. Displacement limit requirements of the headrest are 
also given to prevent excess deflection and to provide sufficient energy absorption. An 
important goal is to design an automotive front seat which is lightweight and at the same 
time, satisfies multiple load cases defined by the required safety requirements. 
Automotive seat frames are typically manufactured from stamped low-carbon steel sheet 
metal. Seat frames constructed in this way have limited geometric and topology 
optimization potential due to strength and cost restrictions of bend radius and welding 
sheet components with different thicknesses. As a result, it is difficult to design a 
geometric and topology optimized lightweight seat design using traditional stamped sheet 
metal construction. Advantages of stamped sheet metal design are low cost and 
reusability in related designs by re-welding. Die cast aluminum or magnesium alloy 
manufacturing processes for seat frames provides a compelling alternative to traditional 
stamped sheet metal design. Die casting allows for variable thickness distribution and 
detailed geometric features such as stiffening ribs and other topographic properties which 
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have the potential to be optimized in detail for lightweight design. Detailed features such 
as clips can be positioned for optimal functionality. If the material and stiffener 
distribution of a die cast seat frame can be optimized for lightweight, the cost of the die 
can often be justified, especially for highly functional and targeted automotive seat 
designs which are not expected to be reused. 
Finite Element Analysis is a computer based method which is used to predict the 
strength and stiffness behavior of structures and machines subject to loads. A wide range 
of engineering analysis problems can be solved by making use of Finite Element 
Analysis, including problems involving elastic and inelastic material properties [2, 3]. 
The developments in the computer industry made the use of Finite Element Analysis very 
efficient for solving engineering analysis problems [3].  This process can be used for 
estimating the strength and deflection properties of automotive components without 
actually subjecting them to costly physical tests. 
 
1.1 Literature Review 
Die Casting is a process in which almost any shape can be manufactured. 
Accurate dimensions, smooth and textured surface metal parts can be manufactured by 
the die casting process. Die casting is a manufacturing process in which a liquid metal 
such as aluminum or magnesium alloy is injected into a die at very high velocity and at 
high pressure. Upon solidification, the liquid metal takes the shape of the inner surface of 
the die [4]. The automotive industry is one of the largest users of die castings. The 
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reasons for increased use of die castings are (a) they are economical, (b) large variety of 
materials can be used, (c) very thin and intricate shapes can be produced and so on [5].     
In recent years, considerable amount of work is being done on optimization of 
castings for their strength, frequency and stiffness requirements. Topology optimization 
is considered as an important tool for optimizing the material distribution of cast parts [6, 
7]. Topology optimization uses the homogenization or Simple Isotropic Material with 
Penalization (SIMP) approach [8, 9]. Here, the structure is described in terms of elements 
with high density or stiffness, whereas elements with low stiffness values correspond to 
the void area. This approach results in a very flexible optimization method where a 
simple initial design space can evolve into complex structures. Such flexibility is needed 
for the determination of the optimal global features of cast parts. However, as a 
consequence for this flexibility, rough design proposals are created which cannot be used 
directly but need to be interpreted and redrawn for manufacturing. A significant 
challenge is to create a feasible design which captures the essential geometric features of 
the proposal. 
The significance to topology optimization in cast parts is described in a study 
conducted by [6, 7]. The results obtained from the study proved that topology 
optimization is a powerful tool for optimizing the features of various components such as 
its cross sections, number and arrangement of ribs. The procedure followed in [6, 7] 
resulted in an optimal arrangement of ribs in an automotive component. The automotive 
components considered in this work are all cast parts. The results obtained from the 
topology optimization will be in the form of material densities of the finite elements in 
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the design domain. Interpreting the density results obtained from topology optimization is 
often a difficult task. A procedure for interpreting the density contours of topology 
optimization is developed in [10, 11]. Stress concentrations and material discontinuities 
are formed in the results obtained from topology optimization. The topology optimization 
is integrated to shape optimization in [10, 11] for obtaining reduces stress concentrations.  
At the conceptual design stage, manufacturing feasibility of die-cast parts is a key 
requirement. For the component to be feasible for die-casting, cavities in the structure 
should be open and lined up with the sliding draw direction of the dies. Without these 
manufacturing constraints, topology optimization often creates cavities that would block 
and prohibit drawing the dies. Applications with casting manufacturing constraints 
implemented in Altair OptiStruct are described in [12, 13, 14, 15].  
A study is conducted by Grujicic and Hodges in [16] for finding the functional 
performance of a die cast automotive seat backrest frame, using finite element analysis. A 
surface model with shell finite elements is used for linear static analysis. The strength and 
stiffness of the backrest frame is tested by subjecting it to forces representing backrest 
strength test and static headrest test loads prescribed by the ECE R17 regulations. The 
study revealed that the seat considered passed the ECE R17 requirements. A free-size 
optimization study with variable shell thickness design variables, limits on stress values, 
and with the goal of minimum mass was performed using a COMSOL finite element 
solver coupled with a Matlab function and a Genetic Optimization Algorithm. The 
thickness values appear to be interpolated across surfaces to provide an interpretation of 
an optimized frame with variable thickness which can be manufactured at low cost. The 
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effects of removing stiffening ribs were also considered. When the backrest frame is 
subjected to optimization, a considerable amount of reduction in its weight is observed. 
The optimized backrest frame passed the safety requirements prescribed by the ECE R17 
regulations. 
In a study conducted in [17, 18], a finite element model of a stamped steel 
backrest frame is subjected to (a) backrest strength test, (b) static headrest test and (c) 3-
point seat belt test and the strength and deflection characteristics of the backrest frame are 
identified. For the static headrest test, the headrest force is applied on the headrest 
mounting holes (present on the backrest) in the form of equivalent reaction forces. The 
backrest is subjected to loads as per ECE R17 regulations. The study conducted in [17, 
18] identified some design modifications of the reference seat for a significant weight 
reduction of the backrest frame for the loads applied.  
Another study conducted in [19] analyzed the complete model of a stamped sheet 
metal seat including the base frame, slider rails and backrest. The analysis included 
geometric nonlinear strains, elasto-plastic materials, and contact interaction between parts 
which may interfere with each other during loading and deformation. The reference seat 
is subjected to two complementary load cases (constant horizontal force and constant 
angular velocity) of the moment test in accordance with ECE R17 regulations. These 
loads are increased gradually using an explicit quasi-static analysis using 
ABAQUS/Explicit software. In the study conducted in [19], the load path due to the 
moment test are applied in a more physically realistic procedure by modeling the contact 
of a rigid body form with an elastic seat back mesh. In this way, the load distribution 
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from the body form acting on the seat as described by the testing procedures in the ECE 
R17 regulations are more realistically transmitted to the seat back frame. The simulation 
of moment test identified the strength of the seat in an event of vehicle rear impact and 
the reference seat meets the safety requirements specified by ECE R17. 
 
1.2 Thesis Objective and Outline 
The objective of this thesis is to develop a topology and Free-size optimization 
procedure based on the commercially available finite element program OptiStruct from 
Altair for the optimal material and stiffening rib distribution for a light weight design of a 
die cast automotive backrest frame subjected to multiple load cases. A commercially 
available die-cast magnesium alloy automotive seat backrest frame will be used as a 
starting basis for the optimized design and tested using both linear and nonlinear finite 
element analysis for strength and deflection requirements in accordance with ECE R17. It 
is difficult to optimize topology to satisfy and envelope all constraints due to multiple 
load cases which may produce conflicting behaviors. A goal is to use the unique feature 
of Altair OptiStruct to handle automatic optimization for multiple load cases. In this 
study, the backrest frame design is optimized for multiple load cases including the 
moment test, headrest test according to ECE R17 in addition to two additional load cases 
of an offset moment test and side load case. The additional load cases of the offset and 
side loads are performed to demonstrate the ability to obtain an optimal design for 
conflicting behaviors of front-to-back bending as well as side-to-side bending and 
twisting.   
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The optimization procedure developed in this study is separated into two stages, 
(i) a 3D surface model with variable shell thickness optimization using Free-size 
optimization, combined with (ii) a 3D solid finite element model with die draw 
manufacturing constraints and topology optimization to determine optimal distribution of 
stiffening ribs. Topology optimization in OptiStruct is a mathematical technique that 
produces an optimized shape and material distribution for a structure within a given 
design space for the given set of loads. The OptiStruct algorithm alters the material 
distribution of the structure to optimize it for the user defined objective under the given 
constraints [12]. The free-size optimization in OptiStruct deals with the element 
thicknesses of the structure within a given design space. It optimizes the thickness values 
of the elements of a structure based on the user defined objectives and constraints [12]. 
Results from the two stages, free-size optimization of shell thickness distribution, and 
topology optimization of solid material for supporting rib distribution are combined to 
form a complete optimized backrest frame component with reduced weight and which 
satisfies all constraints under all the multiple loads considered.  
A brief outline of the thesis is given here.    
In Chapter 2 a description of the reference backrest frame is given. This chapter 
explains the basic description and nomenclature of the backrest frame. Both the 
geometric surface model and solid frame model of the seat are described. The material 
properties and behavior of the material used in the backrest frame is given in this chapter. 
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Chapter 3 describes the mandatory test requirements for an automotive front seat. 
The test requirements specified by ECE R17 are explained in this chapter. Also included 
in this chapter are the multiple load cases that are applied on the seat backrest frame. 
Chapter 4 deals with the finite element analysis of the reference backrest frame. 
The type of mesh used, the loading and boundary conditions applied on the finite element 
model, the assumptions and the type of analysis done on both shell and solid model of 
backrest frame are described.  The objective and the constraints for the optimization, 
including manufacturing constraints, and the type of optimization used for the shell and 
solid model are also given. 
Chapter 5 explains the results obtained from the finite element analysis of the 
shell and solid models of the reference backrest. The results obtained from the 
optimization are compared and conclusions are drawn here. This chapter also describes 
the formulation of the optimized seat and its performance when subjected to load.  





DESCRIPTION OF REFERENCE SEAT 
 
 
This chapter deals with a general description of the commercially available die-
cast reference seat backrest frame used as a basis for further optimization with the goal of 
reduced mass under constraints of stress and deflection, manufacturing constraints, and 
multiple-load cases. The basic functions of a seat in an automobile are providing comfort 
and safety to the occupant during travel. An automotive seat consists of various 
mechanisms for adjusting its position, foam for providing cushioning effect and a basic 
structural frame to withstand the forces applied on it. The foam covers the structural 
frame and it is the foam which will contact the human body. In general, the structural 
frame of an automotive seat is comprised of a backrest, headrest, the seat pan and the 
connectors which connect these components [19].  
This study deals with only the basic structural backrest frame of the seat. In the 
reference seat considered, the headrest is attached to the backrest frame itself.  The 
reference seat backrest frame is a die cast component made with AM50 Magnesium alloy 
[16]. Die casting is a process in which almost any shape can be manufactured [4]. Hence, 
the reference seat has many tapered surfaces and also an aesthetically pleasing shape. A 




2.1 General Description and Nomenclature of Reference Backrest Frame 
 The backrest frame is a single die-cast component which can be described by the 
following features: (a) Headrest support cross member, (b) Lower cross member, (c) 
Vertical U-shaped frame sections, (d) Outer flange and (e) Slots for mounting headrest 
and bolts.  The backrest frame also incorporates supporting ribs and bosses to provide 
additional stiffness to the frame cross-sections. The ribs are mainly located in the (a) 
Vertical U-shaped sectioned frames and the (b) Lower cross member. Ribs help these 
structures in reducing the deflections and help them withstand twisting forces. Bosses are 
located near the bolt locations, mainly to lessen the stresses caused by bolt crushing on 
the frame. The headrest support cross member is connected to the lower cross member 
with two vertical U-shaped frames from the sides. The outer frame forms the periphery 
for the entire structure and also holds the foam in the seat. The reference backrest frame 
is shown in Figure 2-1 and the nomenclature for the various features of the seat is shown 
in Figure 2-2. The mass of the reference seat is found to be 1.8 kg where as the mass of 






Figure 2-1: Reference seat made up of high-pressure die-cast AM50 Magnesium 























2.2 Material Properties of Die-Cast Magnesium Alloy 
The fueling cost of an automobile depends on its own weight apart from the weight it 
carries. The seat also contributes its weight to the overall weight of the automobile. The 
weight of the seat should be as light as possible while maintaining functionality. The 
weight of a seat backrest mainly comprises of weight of the frame, the foam and the 
connectors. The material used in manufacturing the reference seat backrest frame in this 
study is AM50 Magnesium alloy. Magnesium alloys have a very high strength to weight 
ratio [4]. The material properties of AM50 Magnesium are given in Table 2-1. The 
material properties are obtained from [20]. 
 
Property Metric English 
Density 1.77 g/cc 0.0639 lb/in
3
 
Tensile Strength, Ultimate 228 MPa 33000 psi 
Tensile Strength, Yield 124 MPa 18000 psi 
Compressive Yield Strength 110 MPa 16000 psi 
Modulus of Elasticity 45 GPa 6530 ksi 
Poisson‟s ratio 0.35 0.35 
Elongation at Break 15.0 % 15.0 % 





Die cast AM50 Magnesium alloys have the peculiar fracture behavior of 
transforming from ductile to brittle with increasing section thickness [21]. In a study 
conducted in [21], the fracture behavior of AM50 Magnesium alloy is studied for various 
thicknesses of 2 mm, 6 mm and 10 mm. From this it was found that AM50 Magnesium 
alloys behaves like ductile material at 2 mm section thickness and transforms to brittle 
when the section thickness reaches 10 mm. Since the section thickness of the reference 
seat is 2.5 mm throughout most of the frame, the material is considered as ductile 




TEST REQUIREMENTS FOR AUTOMOTIVE FRONT SEAT 
 
 
Automotive seats should meet the safety requirements provided by different 
government agencies. Seats are tested for their strength and deflection in an event of 
vehicle crash. In this work, the strength and deflection characteristics of the reference 
seat and optimized die-cast magnesium alloy seat are simulated for the impact loads 
prescribed by ECE R17 [1]. In addition, offset loads and side loads are imposed on the 
seat frame to simulate body position offset and side crash events. In particular, four 
different load cases for the backrest frame of the reference seat are tested: (a) Backrest 
Strength test, (b) Static Headrest test, (c) Offset loads and (d) Side loads. The backrest 
strength test and the static headrest test are mandated by ECE R17, while the offset load 
and side load are assumed may occur during a vehicle crash and cause both bending and 
twisting of the seat frame.  
All the forces which are applied on the backrest frame with respect to a location 
called the H-point, the location corresponding to the hip area of the occupant. The H-
point of a seat can be determined with the help of a standard manikin.  The manikin 
described in ECE R17 has a back pan and thigh bar, which represent the back and thighs 
of the occupant. The back pan and the thigh bar are hinged at the H-point. The manikin 
has the provisions for adding torso weights, thigh weights, leg weights etc. The location 



















3.1 Backrest Strength Test 
 
The backrest test prescribed in ECE R17 is basically a strength test. There is no 
constraint on the displacement of the backrest frame. For the backrest strength test, a 
force producing a moment of 530 N-m about the H-point is applied rearwards on the 
upper portion of the backrest frame. The backrest should not fail when subjected to this 
force. The procedure for the application of force in the backrest test is shown in Figure 3-
2. 
 








3.2 Static Headrest Test 
 
In the static headrest test prescribed by ECE R17 both strength and displacement 
of the backrest frame are considered. The static headrest test can be described in two 
steps. In the first step, a force producing a moment of 373 N-m about the H-point is 
applied rearwards on the upper portion of the backrest frame, similar to backrest strength 
test. The line r in Figure 3-3 corresponds to the original unloaded position of the seat. 
Line r1 in Figure 3-3 corresponds to the position of the seat after the application of a 373 
N-m moment. In the next step, an additional force producing a moment of 373 N-m about 
the H-point is applied at a distance of 65 mm below the top most point of the headrest, 
with a 165 mm diameter sphere. The displacement of the seat must not exceed 102 mm 
[16]. The force applied on the seat is further increased to 890 N and no fracture should 
occur due to the increased load. Figure 3-3 illustrates the procedure of the static headrest 
test. In figure 3-3, Position 1 is the displaced position of the seat due to the application of 
a 373 N-m moment (step 1). Position 2 (a and b) corresponds to the displacement of the 
seat after the application of the force causing a 373 N-m moment about the H-point, 
which is applied with the help of a 165 mm diameter sphere (step2) and Position 3 












3.3 Offset Load 
 
The objective of this study is to optimize the backrest frame subjected to multiple 
load cases in an event of crash. When a vehicle crash occurs, the seat may be subjected to 
impact loads in any manner depending of the position of the occupant and the direction of 
crash. It is assumed that the seat may be subjected to offset and forces. The offset load 
considered here is a slight modification to the backrest strength test prescribed in ECE 
R17.  The offset load is a force which both bends and twists the seat about the H-point. 
Generally, the force applied on the seat by the occupant body is in the form of a pressure 
on the backrest. The assumed offset load is a pressure load applied on the half of the 
portion of the headrest support cross member. Figure 3-4 shows the application of offset 
load on the reference backrest frame. In order to generate a symmetric material 
distribution during the automatic optimization process in OptiStruct, offset loads are 
applied on both the halves of the headrest support cross member separately as two 




Figure 3-4: Reference backrest frame subjected to offset load 
 
3.4 Side Load 
Side load is another load case considered in the multiple load cases considered in 
this study. A seat should withstand forces applied on it in an event of side crash. The 
assumed side load is a force which is applied on the outer flange of the backrest frame. 
Side forces are applied on both sides of the reference backrest frame separately as two 
different load cases to ensure a symmetric material distribution during the automatic 
optimization process. Figure 3-5 shows the application of side load on the reference 

















FINITE ELEMENT MODEL AND OPTIMIZATION PROCEDURES 
 
 
In this study, Finite Element Analysis (FEA) is used to study the functionality of 
the backrest frame of the reference seat for the different load cases described in the 
previous Chapter. The analysis is performed in two stages. The first stage consists of a 
geometric surface model with shell finite elements and Free-size optimization to 
determine material thickness distribution of the die-cast magnesium alloy frame 
component. In the second stage, a geometric solid model with solid continuum elements 
is used with topology optimization and manufacturing constraints of die direction to 
determine optimal distribution of supporting ribs in the Vertical U-shaped sections of the 
frame component. In both stages, the multiple load cases are handled automatically using 
the OptiStruct solver. The optimization is performed using a linear finite element solver 
and elastic properties. A nonlinear analysis is then performed to study the effects of 
nonlinear geometric effects due to potential large deformations and inelastic material 
behavior.  
This chapter deals with the geometric modeling, finite element meshing, loading 
and boundary conditions, and the assumptions made for Linear-Static and Non-linear 
analysis. Also include in this chapter is the objective of the Topology and Free-size 
optimization and the constraints applied for the optimization. The linear-static analysis 
and optimization are done in OptiStruct user profile in HyperMesh 8.0 whereas the non-
linear analysis is done in ABAQUS 6.7. 
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Topology optimization in OptiStruct is a mathematical technique that produces an 
optimized shape and material distribution for a structure within a given design space for 
the given set of loads. The OptiStruct algorithm alters the material distribution of the 
structure to optimize it for the user defined objective under the given constraints [12]. 
The free-size optimization in OptiStruct deals with the element thicknesses of the 
structure within a given design space. It optimizes the thickness values of the elements of 
a structure based on the user defined objectives and constraints [12]. 
 
4.1 Shell Finite Element Model 
This section deals with the shell model of the reference backrest frame. The shell 
finite element model is subjected to both linear-static and non-linear analysis and also to 
free-size optimization under multiple load cases. 
 
4.1.1 Geometric modeling of the shell model of reference backrest frame 
The geometric model of the backrest frame, which closely represents the physical 
seat, is modeled using Computer-Aided Engineering software CATIA V5. This geometric 
model is imported into HyperWorks to generate the Finite Element Model of the seat. 
The finite element model is used for estimating the strength and stiffness properties of the 
reference seat. Since the reference backrest frame is a single component manufactured by 
the die casting process and also as the thicknesses of this die cast part are small, the 
geometry of the seat is represented in the form of surfaces. These surfaces are generated 
in the „generative shape design‟ module in CATIA.  
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The original geometry of the backrest frame of the reference seat has many ribs, 
bosses, fillets and many curved surfaces. Some of the curved surfaces are meant for 
generating an aesthetic shape to the frame, parts of the outer flanges are exposed. The 
primary fillets, bosses and ribs are generated in the CAD model whenever necessary. The 
approximate dimensions of the original backrest frame were measured with respect to a 
reference point. The key dimensions for generating the required curves were also 
measured. For generating the curved surfaces, these key dimensions are used to generate 
„spline‟ curves in the „sketcher‟ module. The curve profiles were brought to the 
generative shape design module and the curved surfaces are extruded. Complex three-
dimensional curves are present in the original frame. The front view and side view of the 
complex three-dimensional curves are generated and are combined using „combine‟ 
command to generate the three-dimensional curve. The curve generated using „combine‟ 
curve is a single curve and has the same front view and side view of the parent curves. 
The complex surfaces are extracted from these complex three-dimensional curves. Slots 
and holes are generated whenever necessary. The geometric model of the reference 












4.1.2 Finite Element Mesh of the reference backrest frame 
The surfaces of the geometric model are meshed in HyperMesh using shell 
elements of 3 mm element size. Four node quadrilateral elements of type CQUAD4 (S4R 
in ABAQUS) are used to generate the Finite Element mesh of the geometric model. 
Triangular elements of type CTRIA3 (S3R in ABAQUS) are also present in the mesh. 
The elements are “cleaned” in order to produce a high quality mesh and the mesh is 
checked for equivalence and other quality checks. A total of 47,714 nodes and 46,559 
elements are present in the Finite element mesh of the geometric model, out of which 
46,394 are quadrilateral elements and 165 are triangular elements. Triangular elements 
are better able to fit in narrow corners. With the density specified, the overall mass of the 
backrest frame component finite element model is 1.76 kg, which compares closely with 
the measured 1.8 kg of the physical reference seat backrest frame.  
 
4.1.3 Loading and Boundary conditions for the reference backrest frame 
The backrest strength test prescribed in ECE R17 requires the application of a 
force which produces a 530 N-m moment about the H-point. This force is applied on the 
backrest frame in the form of a pressure whose resultant is a force which produces a 530 







Where P is the pressure applied on the headrest support cross member, F is the 
force generating 530 N-m moment about the H-point and A is the surface area of the 
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headrest support cross member on which the pressure is applied. The force F is obtained 
from the following equation [16]. 
M F r 
 
Where M is the moment to be applied at the H-point and r is the distance between 
the H-point and the centroid of the headrest support cross member surface area. The 
value of r is 440 mm [16]. This pressure is applied on the elements comprising the 
headrest support cross member as shown in Figure 4-2. The pressure load application on 
the upper headrest support member is considered conservative in that all the occupant 
force is assumed to contact at the furthest location from the H-point. A similar 
assumption was made in [16]. 
 





The headrest test prescribed by ECR R17 requires the application of a force which 
produces a moment of 373 N-m about the H-point (in Step1). This force is also applied in 
the form of a pressure on the headrest support cross member, similar to that of backrest 
strength test. Later in the Step 2, a force producing a moment of 373 N-m should be 
applied at a distance of 65 mm below the top most point of the headrest with a 165 mm 
diameter sphere. This force is applied on the backrest frame in the form of equivalent 
reaction forces on the slots provided on the backrest frame for mounting the headrest 
support. The reaction forces are calculated by making use of the free-body diagram of the 
headrest. The equivalent reaction forces are the reaction forces at the location where the 
headrest contacts the headrest support cross member [18]. The free-body diagram used 






Figure 4-3: Free-body diagram of headrest to determine the equivalent reaction 
forces [18] 
 
In Figure 4-3, F is the force to be applied and R1, R2 are reaction forces at the 





















. Figure 4-4 shows the loading conditions for 
static headrest test. The distance r from the H-point to the point of application of force F 









Figure 4-4: Application of force for Static Headrest test 
 
In the case of Offset load, pressure is applied on half of the area of headrest 
support cross member. A pressure is applied on the headrest support cross member such 
that the resultant force of the applied pressure produces a moment of 397.5 N-m about the 
H-point, which is 0.75 times the load that is applied for the backrest strength test. As 
pressure is applied only on one half, it causes the backrest frame to twist as well as bend. 
The loading condition for the offset load is shown in Figure 4-5. Offset load is applied on 
both the halves of the headrest support cross member separately in the form of two 




Reaction Force R2 
 





Figure 4-5: Application of pressure for Offset load 
 
In the Side load case, pressure is applied on the outer flange of the backrest frame. 
A pressure is applied on the outer flange such that the resultant force of the applied 
pressure produces a moment of 300 N-m (approximately) about the H-point. For the side 
load case pressure is applied on the outer flange as shown in Figure 4-6. Side load is 







Figure 4-6: Application of pressure for the Side load 
 
For all the load cases the reference backrest frame is constrained at the bolt 
locations as shown in Figure 4-7. All the nodes at the bolt locations (can be called as 
slave nodes) are connected to a central node (can be called as master nodes) with the help 
to RBE2 rigid bar elements (also called as coupling in ABAQUS). All degrees of 





Figure 4-7: Boundary conditions for the reference backrest frame 
 
4.1.4 Linear Static Analysis 
Linear-static analysis is done for the reference backrest frame for all the load 
cases described earlier. Linear elastic material properties of AM50 Magnesium alloy are 
assigned to the backrest frame. The material properties used are, Modulus of Elasticity (
45E GPa ), Poisson‟s ratio ( 0.35  ), Density ( 1.77 /g cc  ), Tensile Strength, 
Ultimate ( 228U MPa  ) and Tensile Strength, Yield ( 124Y MPa  ). The assumptions 
made for this analysis are: 
 Uniform pressure is applied on the headrest support cross member, irrespective of its 
shape.   
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 Pressures and forces are applied on the backrest frame directly, without using any 
manikin or body form. 
 For the force to be applied on the headrest support for Step 2 in headrest test, 
equivalent resultant forces are applied on the slots provided at the headrest support 
cross member. 
 
4.1.5 Free-size Optimization 
Free-size optimization in OptiStruct optimizes the thickness of every element in 
the design space to generate an optimized thickness distribution in the structure, for the 
given objective under given constraints. Free-size optimization of the reference backrest 
frame is done for all the load cases discussed earlier with an objective of minimizing 
weight. When loads are defined in different sub-cases (or load-cases), OptiStruct 
automatically optimizes the backrest frame for all these different loads. All these loads 
are not applied at the same point of time but at different instances. The optimized seat is 
optimal to all the load cases. The design variable for free-size optimization is the 
thickness of the shell elements on the surfaces. Thickness is allowed to vary between 
0.75mm and 2.5 mm. The lower bound for the thickness is given as 0.75 mm, which is 
the smallest thickness that can be die cast economically without fracture problems [16]. 
The upper bound for the thickness is the thickness of the reference backrest frame, 2.5 
mm. A stress constraint is applied on the optimization problem such that the stress in the 
backrest frame should not exceed the Yield Strength, which is 124 MPa. OptiStruct 
ignores any artificial stress concentrations present in the structure within a preset 
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tolerance [12]. In this study a displacement constraint is also used to constrain the top 
most node on the reference frame to not deflect more than 10 mm for the headrest test in 
the rearward direction. 
 
4.1.6 Static Non-linear Analysis 
When a material is subjected to a load, stresses and strains are induced in it. For 
an elastic material, the stress is proportional to strain when the applied loads are small. 
When a ductile material is subjected to higher loads, after a certain point called yield 
point, the linear relation between stress and strain transforms into non-linear. When the 
load applied on the material is removed, the strain in the component cannot be removed 
completely. The amount of strain that can be recovered after removing the applied loads 
is called elastic strain and the strain remained in the component is called plastic strain 
[22]. There will be a permanent deformation in the material due to this plastic strain. 
As stated earlier, for the thickness values used in this study, the AM50 
Magnesium alloy material used in the backrest frame is assumed to have the properties of 
a ductile material. The higher loads applied on the backrest frame may make some of the 
material of the backrest frame to yield. To predict the behavior of the reference backrest 
frame after yield, non-linear analysis of the backrest frame is done in ABAQUS 6.7. In 
order to estimate the non-linear behavior of the material, the values of the true stresses 
and the plastic strain are required [23]. The plastic strain can be calculated by making use 
of the following equations [19]: 
ln(1 )nom    
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   
 
    
   
Where, 
nom is the nominal strain which is equivalent to the percent elongation at 
break,   is the total strain, pl  is the plastic strain, el is the elastic strain, y  is the Yield 
Strength and E is the Modulus of elasticity. A detailed discussion of these relations can 
be found in [19].  The numerical values of the strains for the AM50 magnesium alloy 
with assumed 15% elongation at break are:  
Nominal strain, nom  = 0.15 





    
Plastic strain, 0.13644pl el      
 
In the non-linear analysis of the backrest frame, the loads are applied on the 
backrest frame in steps of 1 second duration. For the backrest test, the pressure on the 
headrest support cross member is applied for 1 second. The load is increased linearly 
from zero to the maximum value using a ramp function.  The resultant force of the 
pressure applied on the seat for backrest strength test produces a moment of 530 N-m 
about the H-point. For the headrest test, pressure is applied on the headrest support cross 
member for 1 second (step 1) and allowed to propagate. In the second step, force is 
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applied on the headrest mounting holes. For the second step, amplitude is defined for the 
force such that the initial force is zero, at 0.5 seconds the force is increased to F1 and at 
the end the force is increased to F2. Where F1 is the force that produces a moment of 373 
N-m about the H-point and F2 is a force whose value is 890 N. The backrest frame is 
constrained at the bolt locations, same as linear-static analysis. 
 
4.2 Solid Frame Finite Element Model 
In order to determine optimal distribution of supporting ribs in the Vertical U-
shaped frame members, a solid model of the reference seat backrest frame is created in 
CATIA, excluding the outer flange and the lower cross member, and subjected to 
automatic Topology Optimization in OptiStruct. The solid model is comprised of the (a) 
Vertical U-shaped frame and (b) Headrest support cross member of the reference backrest 
frame. The outer flange and the lower cross member of the backrest frame are ignored. 
The solid model contains the vertical U-shaped frame and the headrest support cross 
member completely filled with material. The slots for headrest are also generated in the 
model. Topology optimization with manufacturing constraint of a prescribed die draw 
direction will be used to remove material from the solid filled U-shaped members. The 
remaining material provides a guide for optimal placement of supporting ribs.  Figure 4-8 






4.2.1 Geometric modeling of the solid frame 
The solid frame is extracted from the shell model of the reference seat backrest 
frame. The solid model is generated using the „part‟ and „sketcher‟ modules in CATIA. 
The three-dimensional curve profiles (splines) which are used for generating the shell 
model are extracted from the „sketcher‟ module and the ends of these curves are joined 
resulting in two additional closed curves. The closed curve in one end is extruded to 
another end with the initial three-dimensional complex curves as the guide curves. This 
process generated the solid vertical U-shaped frame. These vertical U-shaped frames are 
joined at the top to form the headrest support cross member. Holes are driven in the 
headrest support cross member to form the slots for headrest support. The solid frame 
















4.2.2 Finite Element Mesh of the solid frame  
The solid frame model is imported and meshed in HyperMesh using solid mesh of 
element size 3 mm. Tetra mesh elements of type CTETRA are used to generate the finite 
element mesh of the geometric model. A total of 36,258 nodes and 152,904 elements are 
present in the Finite Element Model. 
 
4.2.3 Loading and Boundary conditions for the solid frame 
The solid frame model of the reference seat is also subjected to (a) Backrest 
strength test, (b) Static Headrest test, (c) Offset load and (d) Side load. For the backrest 
strength test and static headrest test, loads are applied on the solid frame as per the ECE 
R17 specifications. For the backrest strength test, pressure is applied on the headrest 
support cross member whose resultant force produces a moment of 530 N-m about the H-
point. The amount of pressure to be applied on the headrest support cross member is 
calculated by following the same procedure which is followed in the case of shell model. 
The static headrest test should be performed in two steps. In the first step, a pressure is 
applied on the headrest support cross member whose resultant force produces a moment 
of 373 N-m about the H-point. In the second step, a force producing a moment of 373 N-
m about the H-point should be applied at a distance to 65 mm below the top most point of 
the frame. In this solid frame model, the outer flanges of the frame are not modeled. This 
force is applied on the headrest mounting slots in the form of equivalent reaction forces. 
These reaction forces are calculated using the same procedure which is followed in the 
case of shell model. For the offset load case, pressure is applied on half of the area on 
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headrest support cross member. The resultant force of this pressure produces a moment of 
397.5 N-m about the H-point, which is 0.75 times the load that is applied for the backrest 
strength test. Offset load is applied on both the halves of the headrest support cross 
member separately in two different load cases. For the side load case, pressure is applied 
on the vertical U-shaped frame where as in the shell model the pressure is applied on the 
outer flange. The resultant force of the pressure applied on the vertical U-shaped frame 
produces a moment of 300 N-m about the H-point. Side load is applied on both sides of 
the solid frame separately in the form of two different load cases. The following figures 
show the application of multiple load cases the solid frame is subjected to. 
 






Figure 4-10: Solid frame subjected to Static headrest test 
 
 




Figure 4-12: Solid frame subjected to side load 
For all the load cases, the solid frame is constrained at the bottom surface of the 
vertical U-shaped frames. All degrees of freedom of the nodes present at the bottom 
surface of the U-shaped frame are constrained. The boundary conditions specified for the 





Figure 4-13: Boundary conditions for the solid frame 
 
4.2.4 Topology Optimization of Solid frame 
The solid frame is subjected to topology optimization when all the load cases are 
applied on it. Topology optimization distributes the material of the structure in order to 
optimize it for the user defined objective under the given constraints. Material density is 
the design variable in Topology optimization. OptiStruct automatically optimizes the 
structure for all the given load cases. All the loads are not applied at the same point of 
time but are applied at different instances of time. The solid frame is optimized for all the 
load cases.  
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Draw directions and symmetry constraints are applied to the solid frame in order 
to produce a structure which is symmetrical about the given plane. Draw directions 
constrain the material distribution in a structure for the given draw direction so that die 
can slide in that direction [12]. The objective of the optimization is to minimize mass. 
Displacement and stress constraints are also given to the topology optimization problem. 
Displacement of the top most central node of the solid frame is constrained not to exceed 
more than 10 mm in the direction of x-axis. Stress constraints keep the stress levels in the 
solid frame not to exceed 124 MPa, Yield Strength of the material of the frame. The goal 
of this optimization study is to optimize the number and distribution of ribs in the vertical 





RESULTS FROM FINITE ELEMENT ANALYSIS 
 
The backrest frame of the seat is subjected to multiple load cases as described in 
previous chapters and the strength and deflection characteristics are studied using Linear- 
static and then Non-linear static analysis. The analysis is first performed on the reference 
backrest frame to provide a basis for comparison to the optimized designs. As discussed 
in previous chapters, the shell finite element model of the backrest frame is subjected to 
free-size optimization for the given multiple load cases, while topology optimization is 
used for the solid finite element model for the given multiple load cases. As discussed 
earlier, linear-static analysis and topology/free-size optimization is done in OptiStruct 
user profile in HyperMesh. The Non-linear static analysis is done in ABAQUS/Standard. 
Results for the linear-static analysis and topology/free-size optimization analysis are 
compared with those of non-linear analysis.  
 
5.1 Analysis of the reference model 
As discussed previously, the shell and solid model of the reference backrest frame 
is subjected to backrest strength test and static headrest test as described in ECE R17 and 
also to offset and side loads. The strength and deflection values of the shell and solid 
finite element models of the reference backrest frame are obtained from linear-static 
analysis. The results obtained for the shell model from linear-static analysis are compared 
with results from non-linear analysis. Recall that a 2.5 mm uniform shell material 
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thickness is assumed everywhere in the reference backrest frame model.  The 
corresponding mass of the reference frame model is 1.76 kg. 
 
5.1.1 Linear-Static Analysis 
The finite element shell model of the backrest frame is subjected to backrest 
strength test as described in Section 3.1. The loading and boundary conditions as 
described in Section 4.1.3 are applied. Figure 5-1 shows the Von Mises stress contours of 




Figure 5-1: Von Mises stress contour for backrest strength test: Reference Seat 
 
The highest amount of stress is observed at point A and the next highest stress is 
observed at point B. Location A occurs at the corner of the Vertical side frame and a 
support rib near the bolt locations.  Location B is on the front side of the frame at the 
intersection of the top corner of the headrest support bar and top of the vertical U-shaped 
side frames.   For efficient finite element modeling of the frame with reasonable element 
Location of highest 
stress (Point A) 





size, all the fillets at corners could not be modeled in detail. As a result, relatively sharp 
corners exist at these locations in the finite element model. Stress singularities at these 
locations are not realistic in the physical part due the presence of smooth fillets in these 
locations, and thus the high stress concentrations in the idealized finite element model are 
ignored in the linear analysis. A more accurate representation of the stress field near these 
fillet locations are observed later in the nonlinear analysis. The average value of stress at 
locations 5 mm from the sharp corners A and B were found to be 140 MPa which is 
higher than the Yield Strength of 124 for AM50 die-cast magnesium alloy. Results from 
the stress contour plot, indicate that the material yields at locations A and B and remains 
in the elastic state at all remaining locations. The backrest frame is a symmetrical 
structure, so similar characteristics will exist on both sides of the frame. The stress value 
of 140 MPa is below the Ultimate Strength of 228 MPa, indicating that no fracture is will 
occur in the reference backrest frame for the strength test specified in ECE R17.  A more 
detailed analysis of failure is observed in the nonlinear analysis.  
In this section, the backrest frame is subjected static headrest test as discussed in 
Section 3.2. The displacement of the backrest frame is calculated after the application of 
the headrest force which causes a moment of 373 N-m about the H-point (Step 2 in 
headrest test). The stress distribution in the backrest frame is observed after increasing 
the headrest force to 890 N (Step 2 in headrest test). The displacement and stress contour 
plots of the backrest frame subjected to static headrest test are shown in Figure 5-2 and 








Figure 5-3: Von Mises stress contour for static headrest test 
 
The maximum displacement in the backrest frame is found to be 17.7 mm which 
is less than the prescribed displacement limit and thus passes the displacement test.  The 
stress values observed at point A and B are ignored for the same reason that fillets are not 
modeled at these locations. The average value of stress at locations 5 mm from points A 
Location of highest 
stress (Point B) 
Location of next 
highest stress (Point A) 
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and B is found to be 210 MPa and 200 MPa, respectively. The results indicate that the 
seat is subjected to more stress in the headrest test when compared to the backrest test. 
From the linear static analysis of the headrest test it is predicted that yielding occurs at 
these locations and yet no fracture occurs in the seat.  
In this section, the backrest frame is subjected to offset load as described in 
Section 3.3. The stress contour obtained for the offset is shown in Figure 5-4. For the 
offset load case it has been found that high stresses are observed at A and B. From the 
deformed geometry, it is observed that both bending and twisting of the seat occurs from 
the offset load.  From the stress contour plot it is observed that the average value of stress 
at locations 5 mm from points A and B are 100 MPa and 140 MPa, respectively. These 
results indicate that yielding will occur in the seat at location B when the seat is twisted 
due to the offset load. Results indicate that the offset load causes significant deformation 
and stress on the headrest support cross member even though the moment applied is 




Figure 5-4: Von Mises stress contour of Reference Seat for Offset load 
 
Figure 5-5 shows Von Mises stress contour in the reference backrest frame when 
subjected to side load as described in Section 3.4. Results from the stress contour plot 
indicate that yielding may occur in several regions of the vertical U-shaped frame section. 




Location of next 
highest stress (Point A) 
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yield in the case of side load. In addition, very high stress concentrations are observed at 
ribs and at the bolt holes. Stress concentrations observed in linear analysis may not be of 
great concern in static loading with ductile material behavior because yielding will 
redistribute the stresses and the parts will not necessary fail [24]. 
 
 
Figure 5-5: Von Mises stress contour of Reference Seat for Side load 




5.1.2 Static Non-linear Analysis 
Results for static non-linear analysis are obtained for the (a) Backrest strength test 
and (b) Static headrest test in order to compare the results obtained from the linear-static 
analysis. Stress and displacement contours are plotted for the non-linear analysis. Figure 
5-6 shows Von Mises stress contours of the backrest frame for the backrest strength test 





Figure 5-6: Von Mises stress contour of Reference Seat for Backrest Strength Test 






Results from the stress contours indicate that yielding occurs at locations A and B. 
The average stress values near these locations are found to be approximately 140 MPa; 
the same value observed in the linear-static analysis. The maximum stress value of 186.7 
MPa predicted from the nonlinear analysis is above yield but below the ultimate stress 
value of 228 MPa for AM50 die-cast magnesium alloy.  
Figure 5-7 shows the displacement of the backrest frame when subjected to 
headrest test in non-linear analysis. The displacement of the backrest frame is obtained 
from when a headrest force producing a 373 N-m moment at the H-point is applied in 
step 2, as discussed in section 3.2. Later, this headrest force is increased to 890 N and the 
stress contour is plotted. Figure 5-8 shows the Von Mises stress contour in the backrest. It 
is observed that the displacement of the backrest frame has increased when compared to 
linear-static analysis. The maximum displacement from the nonlinear analysis has 
increased to 21 mm from the 17.8 mm observed in the linear analysis. The increased 
displacement in the backrest occurs due to yielding in the backrest frame near locations A 
and B. From Figure 5-8 it is observed that the average stress values near locations A and 
B are reduced slightly when compared to backrest test but more regions have yielded. 
The maximum stress observed from the nonlinear analysis is below the ultimate stress 















5.2 Free-size Optimization of Shell Model 
In this section, results for free-size optimization of the shell finite element model 
of the reference backrest frame subjected to the multiple-load cases discussed previously 
are reported. Element thicknesses of shell elements of the finite element model are 
optimized with the goal of minimizing mass for the backrest frame component. The stress 
and displacement constraints specified for optimization were discussed in Section 4.1.5. 
The thicknesses of the elements are allowed to vary between 0.75 mm and 2.5 mm. 
Recall that the upper bound of 2.5 mm is the value of the uniform thickness for the 
reference seat. Figure 5-9 shows the thickness distribution obtained from OptiStruct for 
the light weight design of the reference seat with the constraints and thickness bounds 




Figure 5-9: Thickness distribution for the reference seat using thickness bounds 
0.75 2.5 t mm 
The thickness distribution obtained from OptiStruct using the thickness bounds 
0.75 2.5 t mm produces a uniform distribution of 2.5 mm, same as the original 
reference seat except thickness reduction in the bolt holes and middle region of the lower 
cross member. With the upper bound of 2.5 mm, the original seat can be considered as 
the optimized light weight design for the multiple loading conditions considered. 
However, when the variable thickness range is increased from an upper bound of 2.5 mm 
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to 3.5 mm a significant change in material thickness distribution is achieved. The mass of 
the optimized seat is reduced considerably when compared to the 2.5 mm thickness limit. 
This result shows that the design space defined by the bounds of the thickness values 
plays an important role in producing an optimized non-uniform thickness distribution in 
the component. The front view of optimized thickness distribution in backrest frame 
obtained from OptiStruct for a thickness range of 0.75 mm to 3.5 mm is shown in Figure 
5-10.  Figure 5-11 shows the rear view of the optimized backrest frame. From these 
figures it is observed that increased material is distributed at the headrest support cross 
member, region of the outer frame near the headrest support cross member, lower regions 
of the vertical U-shaped frame and outer frame and at the regions where ribs contact the 
U-shaped frame. Other regions of the backrest frame component have thickness 
distributions significantly lower than the 2.5 mm value of the reference seat, most 
noticeably the lower cross member and top of the outer flange with thickness between 








Figure 5-11: Optimized thickness distribution (Rear View)  
 
To study the effects of the stress constraint on the free-size optimization, the 
stress constraint is relaxed. The stress constraint is increased from the Yield Strength of 
124 MPa to 228 MPa corresponding to the Ultimate Tensile Strength for the AM50 
material. Figure 5-12 shows the thickness distribution in the backrest frame when the 
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stress constraint limit is 228 MPa. It is observed that large thicknesses are concentrated 
over smaller regions near locations of high stress. However, it is observed that the overall 
relative material distribution is similar to the previous case where the stress limit is 124 
MPa. 
 
Figure 5-12: Optimized thickness distribution with 228 MPa stress constraint 
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5.3 Topology Optimization of solid frame 
The solid frame model of the reference seat is subjected to Topology optimization 
as described in Section 4.2.4. The goal of this study is to estimate the optimal material 
distribution in the solid frame and to find the optimal number and location of the 
supporting ribs in the Vertical U-shaped frame sections. For this analysis, the stress is 
constrained to not to exceed 124 MPa anywhere in the solid frame model. For 
comparison, the solid frame model is optimized by specifying a draw direction for 
manufacturing constraints and also without any draw directions. The draw direction is 
defined by two nodes on the top headrest support member such that the direction is from 
front to rear. A split draw is specified in OptiStruct so that the die can be split into a 
forward and reversed rearward direction.  
Figure 5-13 and Figure 5-14 shows the optimized material distribution in the solid 
frame with multiple load cases and without any draw direction manufacturing constraint 
specified. When the draw direction is not specified, OptiStruct does not take the 
manufacturing constraints into consideration. It will just generate the optimal material 
distribution in the structure without regard for die casting considerations. From the 
Figures 5-13 and 5-14, it can be observed that there is an indication for the formation of 
ribs in the bottom part of the U-shaped section. From the rear view, a strip of red line can 
be seen, indicting the need for the material in the rear side of the U-shaped section. 
Figure 5-15 shows the formation of hollow space in the upper part of the U-shaped 



























Figure 5-16 shows the optimized material distribution with draw direction 
specified as a manufacturing constraint in OptiStruct with multiple load cases. The blue 
arrow in the figure shows the direction of the movement of the die. For specifying the 
draw direction in OptiStruct, an anchor node and a first node are required. The direction 
of the die will be in the direction of a line joining the anchor node and the first node 
(from anchor node to first node). In OptiStruct, the number of dies to be used can be 
defined. There are two options for selecting the number of dies. If the draw type is 
selected as „single‟ OptiStruct considers the number of dies to be one and the die can 
slide in the given draw direction. If the draw type is selected as split, OptiStruct considers 
two dies splitting apart in the given draw direction [12].  Figure 5-17 shows the rear view 
of the solid frame subjected to topology optimization with draw directions specified. 
Here, because of the complex shape of the solid frame the type of draw is given as „split‟. 
Figures 5-18 and 5-19 show the formation of ribs at bottom and top part of the U-shaped 
















Figure 5-17: Optimized material distribution in solid frame with draw 
direction (Rear View) 
 
No material is 
present (hollow) 
Extra material is 




Figure 5-18: Formation of ribs at the bottom part of the U-shaped frame 
Extra material is required 















Results indicate that a rearward directed die draw is preferred for the top headrest 
support member, and a reversed forward directed die draw for the Vertical U-shaped 
sections. In the optimized frame, it is observed that material is removed from the U-
shaped frame. There are two locations in the U-shaped frame where some material still 
existed (top and bottom regions of the frame) even after optimization. This indicates the 
need for material in those locations. In the optimized seat, this extra material required at 
those locations is substituted with ribs. From the optimization results it is observed that 
material is distributed near the headrest support cross member and ribs are formed only in 
the top and bottom of the U-shaped frame. The results show that for the multiple load 
cases considered, the optimized material distribution with draw direction specified 
appears similar as the material distribution without any draw directions. 
Differences in the optimization results with and without draw direction 
manufacturing constraint can be clearly seen in the model when the solid frame is 
optimized only for the headrest test. Figure 5-21 shows the optimization results for the 
solid frame for headrest test. The figure on left shows the optimization results with draw 
direction specified and the figure on the right side shows the optimization results without 
any draw direction specified. When the solid frame is optimized for headrest test, the ribs 
formation is seen more clearly than the previous multiple load case, and when no draw 
direction manufacturing constraint is specified, material is distributed in the Vertical U-
shaped section which would interfere with removal of the die in the manufacturing 





Figure 5-21: Optimization headrest test with and without draw directions 
 
Results shown in Figure 5-22 and 5-23 when no die draw direction constraint is 
specified, show that there is no feasibility for the removal of the die, because, there is 
material in both front and back sides of the U-Shaped frame. This is because no 
manufacturing constraints are given for the optimization problem in this case. The 
optimization results with draw direction specified is shown in Figure 5-24. Here, a 
hollow region is created which provides the way for the movement of die. From Figure 5-
24, it can be seen that there is a small obstruction for the movement of the die at few 
locations. This may be due to the complexity of the solid U-shaped curve. From the 
results obtained from all the optimization cases it can be concluded that the ribs are 



































movement of die 
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5.4 Free-size Optimization of Backrest frame based on the Topology Optimization 
Results 
The results obtained from the topology optimization of the solid frame indicate 
the allocation extra material at the bottom and top parts of the vertical U-shaped frame. 
This extra material can be replaced with ribs in the shell model. Based on the results 
obtained from topology optimization, ribs are distributed only in the top and bottom 
regions of the U-shaped frame of the reference seat (in shell finite element model). The 
ribs in the middle region of the U-shaped frame are removed. This backrest frame is 
subjected to free-size optimization as defined in section 4.1.5. The upper bound for the 
thickness is 3.5 mm. Figure 5-25 shows the optimized thickness distribution of the 
reference backrest frame subjected to changes in position of ribs. The mass of optimized 
backrest frame with new rib positions is 1.215 kg. 
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5.5 Final Optimized Backrest frame 
The results from the free-size optimization of the shell model and topology 
optimization of the solid frame model are compared and used as a guide to create a final 
optimized design for the backrest frame component with reduced weight. The free-size 
optimization of shell model used to guide distribution of material thicknesses of the 
backrest frame where as the topology optimization of solid model indicated the best 
location of supporting ribs in the vertical U-shaped section for reduced weight under the 
constraints. From the topology optimization of the solid frame model it is also observed 
that material is distributed mainly near the headrest support cross member. Based on the 
observations from optimization results of solid and shell model, a new model of the 
reference backrest frame is generated.  
In the results obtained from OptiStruct the element thicknesses are distributed in a 
heterogeneous way with voids and discontinuities which is difficult to manufacture and 
not desirable. In the OptiStruct results there are several locations where there are some 
large differences in thicknesses in individual elements. In the die casting process, these 
sudden variations in thicknesses are not advisable because the flow of material will be 
obstructed when there is sudden increase in thicknesses [4]. The new backrest frame is 
developed by taking these manufacturing conditions into consideration. It is well known 
that the interpretation of topology optimization results to design ribs and other 
homogeneous features which can be manufactured in a die casting process is difficult as 
automated tools for this interpretation step are currently not available. The interpretation 
step must generally be done manually and the part redrawn manually in a CAD program 
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such as CATIA.  For finite analysis of the interpreted design for manufacturing, one 
approach is to create a new solid model with gradual material thickness taper guided from 
the results of the optimization. Another approach for finite element analysis is to recreate 
a surface shell model of the frame component and approximate the optimal tapered 
thickness distribution across individual surfaces. In this study, a simple approximation to 
the optimal tapered thickness distribution is created by subdividing the surfaces into 
regions and specifying uniform thickness across these patch regions such that a piecewise 
constant taper effect is achieved.  Using this design approach, the interpreted optimized 
frame model, guided by the results of the free-size and topology optimization is shown in 
Figures 5-27 and 5-28. The different colors shown in the interpreted optimized seat 
represent different thicknesses. In Figures  5-27 and 5-28, regions shown in red are 3.5 
mm, dark green are 3.0 mm, light green are 2.5 mm, purple are 2.0 mm, light blue are 1.5 
mm, and dark blue is 1.0 mm. The ribs are assigned a thickness of 3.5 mm. The presence 
of ribs, bosses, lettering and other features in the mold closure direction will increase the 
complexity of the die used for manufacturing [25]. These features should be present on 
the seat only when they are required. Results from the finite element analysis showed that 
the lower cross member in the backrest frame experiences very low stresses, and the 
thicknesses required there is at a minimum as indicated by the free-size optimization 
results. In the final optimized seat ribs are placed in the vertical U-shaped section only at 
the locations where formation of ribs is identified in the topology optimized solid model. 
As a result, several ribs in the mid-section of the vertical U-shaped frame are removed 
from the reference component. Guided by the results of the topology optimization, the 
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ribs present on the lower cross member of the reference seat are also eliminated in the 
interpreted optimized seat. The overall mass of the optimized seat model is reduced to 
1.532 kg from 1.76 kg for the original seat model which is a 12.95% decrease in mass of 




Figure 5-27: Interpreted Optimized Backrest frame model with piecewise constant 



















To verify strength and deflection test requirements, the optimized seat model is 
subjected to linear-static analysis and the stress and displacement contours are plotted for 
all the load cases. Figure 5-29 shows the Von Mises stress in the optimized seat subjected 
to backrest test. From the stress contour plots for the linear static analysis, it is found that 
max stress values identified at the sharp corners of locations A and B described earlier 
have increased compared to the reference backrest frame model. This increase is due to 
the reason that OptiStruct assumes stress concentrations in the finite element model are 
artificial stresses and ignores them. The high stress values at these localized regions are 
assumed artificial in the linear analysis due to the inability to accurately model details of 





Figure 5-29: Von Mises stresses in the optimized seat for the backrest test 
 
Figure 5-30 shows the displacement of the backrest frame for the headrest test. 
The maximum displacement in the seat is 21.44 mm which is well below the ECE R17 
limit. Results from the linear analysis indicate that the optimized seat deflects more when 
compared to the reference seat which had a maximum displacement of 17.8 mm. From 
Figure 5-31, it is found that stress levels have been increased compared to the reference 








Figure 5-31: Von Mises stress in the optimized backrest in headrest test 
 
Figure 5-32 shows the Von Mises stress distribution in the optimized seat when 
subjected to offset load. When offset load is applied on the backrest frame it is found that 
stress levels in the seat have reduced when the compared to the original seat. The stresses 





Figure 5-32: Von Mises stresses in the optimized seat for offset load 
 
Figure 5-33 shows the Von Mises stress contour obtained from linear static 
analysis of the optimized seat subjected to side load. It is found that the stress levels in 
the seat decreased especially at the bottom region of the U-shaped frame where the 




Figure 5-33: Von Mises stress in the optimized seat for the side load 
 
Since the linear analysis predicted yielding of the material at localized regions, a 
more accurate prediction of the stress, strain, and deflection characteristics is obtained 
using a non-linear analysis in Abaqus. Non-linear analysis of the optimized backrest 
frame is done for the (a) Backrest strength test and (b) Static headrest test. The procedure 
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followed for non-linear analysis is described in Section 4.1.6. The stress and deflection 
contours are plotted for the optimized backrest frame. Figure 5-34 shows Von Mises 
stress distribution using nonlinear static analysis in the optimized backrest frame 
subjected to backrest test. 
 
Figure 5-34: Von Mises stress distribution in optimized seat for backrest test 
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From the stress contour for the non-linear analysis it is observed that the overall 
stress in the seat has increased compared to the reference seat. However, while yielding 
occurs, stresses remain below ultimate values and no fracture is predicted in the seat. 
Hence, the new optimized seat passed the backrest strength test. 
Non-linear analysis of the optimized seat is also done for static headrest test 
following the procedure described in Section 4.1.5. The displacement of the backrest 
frame is obtained from the step two of the headrest test when a headrest force causing a 
373 N-m moment at the H-point is applied on the backrest frame. The displacement of 
the backrest frame is shown in Figure 5-35. From the displacement contours for the non-
linear analysis it is found that the displacement in the optimized seat is smaller than the 
original seat. The maximum displacement predicted from non-linear analysis 17.3 mm 
which is smaller than the maximum value of 21 mm for the original seat. This is because 
of stiffening of the vertical U-shaped frame as per the optimization results. 
The stress contour shown in Figure 5-36 represents the stress distribution in the 
optimized seat when subjected to static headrest test. The stresses are plotted when the 
headrest force is increased to 890 N in the second step of headrest test. From the stress 
contour plot it is observed that, stresses are more widely distributed in the headrest test 
when compared to the backrest test. High magnitudes of stresses are observed only at 
sharp corners and are localized. Compared to backrest test, the seat yielded at more 
locations in the headrest test. Results for maximum stress in the non-linear analysis 














5.6 Factor of Safety 
The factor of safety for strength is estimated using the plastic maximum In-plane 
principal strain as an indicator of excessive yielding. High values of strains observed in 
the seat approaching the 15% elongation value at break are considered to fail due to 
fracture. Factor of safety is calculated as the ratio of applied moment at failure to the 
moment mandated by ECE R17 regulations. 
The reference backrest frame is loaded in accordance with the backrest test as 
discussed in previous Sections, and when the pressure force on the headrest support 
member is increased, the ABAQUS job is aborted due to excessive distortion when the 
moment at the H-point reached 1227.58 N-m. The maximum In-plane principal strain 
reached 0.12 approaching the 0.15 limit at break. A high stress value of 209.33 MPa is 
also observed at this location which is approaching the ultimate strength value of 228 
MPa. Figure 5-37 shows the maximum In-plane principal strain in the reference seat and 
Figure 5-38 shows the stress contours in the reference seat. The factor of safety of the 

























When the reference seat is subjected to the headrest test, excessive strains of 
approximately 0.15 are observed when the headrest force is increased to 950 N. This 950 
N-m force produces am moment of 627 N-m, while the 890 N headrest force mandated 
by ECE R17 produces a moment of 587.4 N-m about the H-point. Figure 5-39 shows the 
maximum In-plane principal strain in the reference seat subjected to headrest test and 
Figure 5-40 shows the stress contours in the reference seat subjected to headrest test. The 




















The optimized seat is subjected to the backrest test and high stress and strains are 
observed in the backrest when the pressure applied on the headrest support cross member 
produces a moment of 1565.05 N-m about the H-point. Figure 5-41 shows the maximum 
In-plane principal strain in the optimized seat subjected to backrest test and Figure 5-42 
shows the stress contours in the optimized seat subjected to backrest test. The factor of 





















The headrest force on the optimized seat is increased to 1400 N. When the 
headrest force is increased to 1400 N higher strains and stresses are observed in the 
optimized backrest frame. The 1400 N force produces a moment of 924 N-m about the H-
point. The 890 N headrest force mandated by ECE R17 produces a moment of 587.4 N-m 
about the H-point. Figure 5-43 shows the maximum In-plane principal strain in the 
optimized seat subjected to headrest test and Figure 5-44 shows the stress contours in the 
optimized seat subjected to headrest test. The factor of safety of the optimized seat for the 







The results for factor of safety indicate that the optimized seat passes the ECE 
R17 requirements with a comfortable margin resulting in an overall mass reduction of 
12.95 %. The factor of safety could be reduced if the thickness of the seat is high, 4.5 mm 






















In this study a die cast magnesium alloy AM50 reference backrest frame 
measured from a commercially available automotive seat was used as a basis for 
optimization with the goal of reduced weight. Multiple load cases were considered 
including static backrest strength test and headrest test deflection requirements from ECE 
R17 specifications as well as offset and side loads which produce bending and twist. 
Results from linear and nonlinear finite element analysis indicate that the reference 
backrest frame with assumed uniform 2.5 mm thickness satisfies stress and deflection 
limits for all load conditions considered. It is observed that high stresses appear in several 
localized regions, yet there are large regions with considerable amount of material with 
stress values substantially below the Yield Strength for the material. These results 
indicate that the reference seat frame is overweight and there is potential for mass 
reduction with optimization.  
In this study, free-size optimization was used as a tool to determine a material 
thickness distribution with reduced mass of the backrest frame under the given stress and 
displacement constraints. The free-size optimization when allowed for an increased 
design space by increased thickness range between 0.75 mm and 3.5 mm resulted in a 
non-uniform thickness distribution with reduced weight. Using OptiStruct, the optimized 
design automatically considered multiple load cases in the analysis.  In order to study the 
optimized position of support ribs in the backrest frame, a solid frame is modeled and 
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subjected to topology optimization. Since the backrest frame component is to be die-cast, 
manufacturing constraints of a split die with defined draw direction were specified.  
Results from automatic free-size and topology optimization produces material 
distributions where are heterogeneous in geometric thickness with discontinuities and 
large changes in localized material density. Using the results from the free-size and 
topology optimization as a guide, a new optimized model of the backrest frame is 
generated by changing the position of the ribs in the vertical U-shaped section and 
creating a piecewise constant thickness taper for different surface regions of the backrest 
frame which are increased/decreased as per the optimization results. Using this 
optimization strategy, an overall mass reduction of 12.95% for the backrest frame is 
achieved. Nonlinear finite element analysis indicates that the new lightweight optimized 
design satisfies strength and deflection requirements specified by the ECE R17 
regulations as well as the offset and side loads considered.  
 
6.1 Future Work 
In this Section, suggestions for extending the work in this study are offered:  
 In this study, a solid model is generated by using the curve profile of the surface 
model for the vertical U-shaped sections of the reference seat. Topology 
optimization of the solid frame model is used to study the location of support ribs in 
this existing geometric design space. The geometric design space for topology 
optimization could be increased by generating a rectangular solid frame instead 
which is larger and envelops the existing vertical U-shaped frame section. This 
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larger rectangular frame space when subjected to topology optimization may lead to 
an improved and optimal shape for the side frames.   
 A difficulty with successful application of commercially available optimization 
tools is the need to re-draw the part into a component which can be easily 
manufactured based on an interpretation of the heterogeneous material distribution 
which results [6]. In this study, a piecewise constant thickness taper over surfaces 
and idealized rib stiffener shapes were drawn and used for finite element analysis to 
confirm functionality. A more accurate representation would be obtained by re-
drawing the model as a three-dimensional solid with continuous smooth surfaces 
with thickness distributed continuously in a gradual taper. This optimized solid 
model can be used directly to design the die for manufacturing, and can also be 
used for direct three-dimensional finite element analysis with solid continuum 
elements. A draw-back of the three-dimensional finite element analysis with solid 
elements is the significantly increased cost compared to thin shell models for 
components such as the backrest frame considered which are constructed as thin-
walled sections. An alternative approach to produce a continuous material thickness 
distribution for shell finite element models is to use nodal interpolation of thickness 
values across elements. Commercial finite element solvers typically allow variable 
thickness values at different nodes in the finite element mesh which could be used 
to facilitate this approach to non-uniform, tapered material thickness distribution. 
However, it does not appear that any commercial finite element system offers tools 
to define functions which can be used to define thickness grades over geometric 
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surfaces which can then be inherited by the element nodes. A user defined function 
could be written for this purpose but would be difficult for complicated geometric 
shapes such as those found in the die-cast backrest frame considered in this work.  
 A specialized and long term research project to develop automatic or semi-
automatic tools and algorithms which can interpret results from topology 
optimization. Some efforts to address the need for interpreting results from 
topology optimization using material density contours are given in [8]. 
 A difficulty with using optimization tools is that the accuracy of the results are 
highly dependent on the assumptions for the application of loads seen in service 
idealized and approximated in the finite element model. In this study, the effect of a 
body form contacting the backrest is modeled as a pressure load across the headrest 
support frame. In practice, the body form will contact both the support frame and 
foam mesh draped across the backrest. In a real seat foam will exist which will 
distribute the forces exerted on it to many regions of the backrest frame. A foam 
model of the seat can be generated and applied to the backrest frame. The forces 
which are applied on the headrest support cross member will be distributed to other 
regions of the seat also. 
 Another challenging problem for a multi-functional component such as an 
automotive seat with adjustment capability is the many different directions forces 
may be applied to the component. In this study moment and headrest forces directed 
rearward representing a rear impact crash as well as offset loads to account for 
misaligned body position, and side forces due to possible side impact are accounted 
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for in the design space of the optimization. There are many other loads which could 
be considered including forces exerted by the occupant at every location where the 
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